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Egg cytoplasm containing endoderm determinants was transferred to presumptive-muscle or presumptive-epidermis
blastomeres isolated from cleavage-stage embryos of the ascidian Halocynthia roretzi. We investigated three aspects of the
expression of endoderm-specific alkaline phosphatase (ALP) activity. First, we examined whether ectopic ALP expression,
an indication of ectopic endoderm formation, was promoted in cytoplasm-transferred blastomeres isolated at late-cleavage
stage. The results showed that the cell fate was converted by the introduced cytoplasm, even in recipient blastomeres in
which the cell fate was already restricted to muscle or epidermis, and in those where expression of the muscle- or
epidermis-specific genes was already initiated. Next, we examined the formation of endoderm and other tissue in embryos
by double staining for ALP and muscle- or epidermis-specific marker. Regions positive for ALP and positive for muscle or
epidermis marker were mutually exclusive. These results suggested that muscle- or epidermis-specific genes that were
already expressed in the recipient blastomeres were down-regulated in ectopically forming endoderm cells. This is evidence
for nuclear plasticity during ascidian embryogenesis. In the last series of experiments, we investigated the timing of the
appearance of ALP activity in cytoplasm-transferred embryos. In the partial embryos that were derived from various
combination of recipient blastomeres and donor cytoplasm obtained from various staged eggs and embryos, the timing
seemed to coincide with the time that starts when cell fusion for cytoplasmic transfer was done. Therefore, the clock that
determines the timing of the initiation of ALP expression is likely to start at the moment of cell fusion. Several possible
hypotheses for the timing mechanism are discussed. © 2001 Academic Press
Key Words: nuclear plasticity; timing mechanisms; ascidian embryogenesis; endoderm differentiation; alkaline phospha-
tase; cytoplasmic determinants; cytoplasmic transfer.a
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Embryonic development involves spatial and temporal
organization. For example, in cellular differentiation, a
tissue-specific gene is expressed in particular cells at an
appropriate time. Gene expression is always initiated at a
definite developmental stage. Thus, embryonic cells must
be provided with a clock system (a developmental clock)
that can accurately measure time and determine when to
proceed to the next stage. It is an attractive idea that various
events during development are controlled by a single clock
(probably in motion at fertilization), but this is not the case
(Johnson and Day, 2000). Although a great deal is known
1 To whom correspondence should be addressed. Fax: 181-45-
c924-5722. E-mail: kenkobay@bio.titech.ac.jp.
510bout the spatial regulation of cellular differentiation and
orphogenesis, much less is known about temporal regu-
ation (Cooke and Smith, 1990). One of the difficulties in
tudies of temporal regulation is that the experimental
anipulation of embryos alters the timing of most devel-
pmental events together.
Endoderm, muscle, and epidermis in ascidian tadpole
arvae form autonomously by inheriting localized ooplas-
ic determinants for each tissue. Therefore, mechanisms
ontrolling the timing of expression of a tissue-specific gene
re supposed to be very simple compared with those where
ell interactions during development determine cell fate.
his simplicity may provide advantages in the study of
iming mechanisms. The distribution of the determinants
f these three tissues in egg cytoplasm was investigated by
ytoplasmic transfer experiments involving cell fusion of
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s511Timing Mechanisms of Ascidian ALP Expressionblastomeres and non-nucleated egg fragments (Nishida,
1992, 1993, 1994; Yamada and Nishida, 1996). Using this
method, we can produce fused cells in which the times
elapsed after fertilization is different between the nucleus
and the cytoplasm containing tissue determinants. By in-
vestigating the capacity for ectopic tissue formation and the
timing of initiation of the expression of tissue-specific
markers in such cytoplasm-transferred embryos, we can
obtain significant information about the developmental
clock.
In this study, we focused on endoderm-specific alkaline
phosphatase (ALP) activity as an endoderm differentiation
marker. It has been suggested that, in Ciona intestinalis
and Styela plicata, the localized cytoplasmic factor required
for the development of endodermal ALP activity is actually
the maternal mRNA for ALP itself (Whittaker, 1977; Bates
and Jeffery, 1987). However, in Halocynthia roretzi, cDNA
encoding endoderm-specific ALP was recently isolated and
the spatio-temporal expression patterns were analyzed (Ku-
mano and Nishida, 1998). The results showed that the
expression of ALP activity in endoderm cells depends
mainly on zygotic transcription in Halocynthia. Similar to
the way in which muscle and epidermis are believed to
develop, egg cytoplasmic factors would promote the zygotic
transcription of ALP genes in the endoderm lineage cells.
In experiments with Halocynthia using aphidicolin, an
inhibitor of DNA synthesis, the timing of expression of the
muscle-specific enzyme acetylcholinesterase was suggested
to be controlled by the mechanism counting the rounds of
DNA replications (Satoh, 1979; Satoh and Ikegami,
1981a,b). Similar results were obtained for ALP develop-
ment in Ciona (Satoh, 1982). It is possible that the timing of
ALP expression is regulated by the rounds of DNA replica-
tion.
In this study, we transferred cytoplasm containing
endoderm determinants to nonendoderm precursor blas-
tomeres isolated from embryos at various stages. First, we
examined whether ectopic endoderm formed in the altered
embryos. Second, we monitored the exclusiveness of re-
gions forming endoderm and other tissue by double stain-
ing. Third, we investigated the timing of initiation of the
appearance of ALP activity in the altered embryos. We
discuss nuclear plasticity during development and the clock
mechanisms that determine the timing of initiation of ALP
activity.
MATERIALS AND METHODS
Animals and Embryos
Adult ascidians, Halocynthia roretzi, were collected near the
Asamushi Marine Biological Station, Aomori, and the Otsuchi
Marine Research Center, Iwate, Japan. They were kept in labora-
tory aquaria supplied with circulating seawater at 8–9°C. Naturally
spawned eggs were translucent and about 280 mm in diameter.
Spawned eggs were artificially fertilized and reared in Millipore-
filtered (0.45 mm) seawater that contained 50 mg/ml streptomycin
Copyright © 2001 by Academic Press. All rightulfate and 50 mg/ml kanamycin sulfate at 9–13°C. At 9°C, tadpole
larvae hatched about 60 h after fertilization.
Isolation of Blastomeres and Preparation of
Fragments of Eggs and Blastomeres
Fertilized eggs were manually devitellinated with sharpened
tungsten needles and reared in 0.9% agar-coated plastic dishes
containing seawater. Nonendoderm precursor blastomeres chosen
as recipients of cytoplasm were isolated from embryos with a fine
glass needle. Cytoplasmic fragments were severed from fertilized
eggs with a fine glass needle such that the volume of each fragment
was equal to or larger than that of the recipient blastomere.
Fragments were made by bisecting blastomeres into equal halves.
Nondivided fragments were used as non-nucleated cell fragments
after cell division had occurred in egg or blastomere counterparts.
The identification of nucleated and non-nucleated fragments was
verified by staining fixed specimens with a fluorescent dye that is
specific for DNA (Nishida, 1992). We designated non-nucleated
fragments as cytoplasm donors, although they were surrounded by
plasma membranes. Isolated blastomeres (recipients) and cytoplas-
mic fragments (donors) were prepared from eggs and blastomeres
fertilized at different times such that their cell cycles were syn-
chronized at the first cell division of fused blastomeres.
Fusion of Blastomeres and Cytoplasmic Fragments
A method involving polyethylene glycol and electric field-
mediated fusion was used to fuse blastomeres and cytoplasmic
fragments one by one under a stereomicroscope (Nishida, 1992).
The success rate of such fusions was about 90%. In brief, a
recipient blastomere and a cytoplasmic fragment were allowed to
adhere firmly to one another as a result of treatment with 30%
(w/v) polyethylene glycol in water. Then, a single rectangular
electrical pulse of 1100–1400 V/cm was applied to the adhering
cells for 10–20 ms in fusion medium (0.77 M D-mannitol in 0.25%
Ca21-free artificial seawater). The higher voltage was required to
fuse smaller blastomeres and cytoplasmic fragments. The cells
were immediately transferred to seawater. The fused blastomeres
divided in a cell cycle of normal duration and were allowed to
develop until fixation.
Markers of the Differentiation of Specific Tissues
The formation of endoderm was monitored by histochemical
detection of ALP activity by the methods described by Whittaker
and Meedel (1989), with 5-bromo-4-chloro-3-indolyl phosphate as
the substrate. Specimens were fixed in cold 70% ethanol for 2 min.
This reaction results in the formation of brownish-purple deposits.
The differentiation of muscle and epidermis was evaluated by
monitoring of the expression of myosin heavy chains (muscle) and
the Epi-2 antigen (epidermis). Myosin heavy chains were detected
with a monoclonal antibody, Mu-2 (Nishikata et al., 1987a; Mak-
abe and Satoh, 1989). The Epi-2 monoclonal antibody recognizes
the Epi-2 antigen, which is specific to both differentiated epidermal
cells and the larval tunic, which is secreted by epidermal cells
(Nishikata et al., 1987b). For immunohistochemical staining,
specimens were fixed for 10 min in cold 70% ethanol. Indirect
immunofluorescence staining was performed by standard methods
with fluorescein isothiocyanate-conjugated secondary antibody.
s of reproduction in any form reserved.
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512 Kobayashi and NishidaRESULTS
Cell Fate Change in Blastomeres Isolated
from Late-Cleavage Stage Embryos by
Cytoplasmic Transfer
Endoderm in ascidian tadpole larvae forms cell-
autonomously by inheriting localized ooplasmic determi-
nants for endoderm formation. When a presumptive epider-
mis blastomere isolated from the 8-cell stage embryo is
used as recipient for cytoplasm-transfer experiments in-
volving cell fusion, the cell fate is converted and ectopic
endoderm forms (Nishida, 1993; Yamada and Nishida,
1996) (Fig. 1). The ascidian cell lineage is described in detail
(Conklin, 1905; Nishida, 1987). During the cleavage stages,
the fates of blastomeres are gradually restricted, and blas-
tomeres arise whose fates are destined to form a single type
of tissue. Recently, several tissue-specific genes that are
expressed in a lineage-restricted manner were identified in
ascidians (Satoh et al., 1996; Chiba and Nishikata, 1998).
The zygotic expression of some tissue-specific genes is
initiated during the late-cleavage stage. If blastomeres iso-
lated from late-cleavage stage embryos are used as recipi-
ents of endoderm determinants, does cell fate change? We
transferred cytoplasm containing endoderm determinants
to presumptive-muscle or presumptive-epidermis (i.e., non-
FIG. 1. Transfer of cytoplasm containing endoderm determinants
by the cell fusion method. A presumptive epidermis blastomere
(a4.2 blastomere) from an 8-cell embryo is used as the recipient.
Isolated presumptive-epidermis blastomeres develop into a spheri-
cal ball of epidermal cells (Nishikata et al., 1987). These cell
lusters never develop into endoderm cells (Nishida, 1993). The
mall gray circles depict nuclei. An egg fragment from the vegetal
egion of the fertilized egg is prepared just after the second phase of
oplasmic segregation (second vegetal fragment), and is used as
onor. Shading represents the location of endoderm determinants
Nishida, 1993). Non-nucleated egg fragments do not divide, and
ever develop endoderm-specific alkaline phosphatase (ALP) en-
yme activity. Fused blastomeres continue to divide and develop
nto multicellular embryos and develop ALP activity.endoderm) blastomeres isolated from late-cleavage stage b
Copyright © 2001 by Academic Press. All rightmbryos in which the cell fate of each blastomere is
estricted and tissue-specific genes are already expressed.
First, presumptive-muscle blastomeres were used as re-
ipients. The cell fate of B-line presumptive-muscle blas-
omeres is restricted to muscle formation at the 64-cell
tage. Muscle-specific transcripts such as muscle actin
HrMA4) and myosin heavy chain (HrMHC1) become de-
ectable as early as the 32-cell stage in B-line presumptive-
uscle blastomeres a pair of B6.2 blastomeres (Satou et al.,
995). Therefore, we used isolated B6.2 and its descendant
lastomeres as recipients. Previous studies showed that,
fter the second phase of ooplasmic segregation, endoderm
eterminants are localized to the vegetal hemisphere
Nishida, 1993). For donor cytoplasmic fragments contain-
ng endoderm determinants, we prepared cytoplasmic frag-
ents from the vegetal pole region of fertilized eggs just
fter the second phase of ooplasmic segregation. We call
his fragment “second vegetal fragment” hereafter. Second
egetal fragments were fused with presumptive-muscle
lastomeres isolated at the 32-cell, 64-cell, 110-cell, and
arly gastrula stages (B6.2, B7.4, B8.8, and B9.15 blas-
omeres, respectively). Fused blastomeres continued to di-
ide and developed into multicellular embryos. They were
llowed to develop until unaltered embryos hatched. Then
hey were prepared for histochemical staining for ALP.
usion with 32-cell stage, 64-cell, 110-cell, and early gas-
rula blastomeres resulted in the expression of ALP in 97,
7, 55, and 78% of the specimens, respectively (Figs. 2A–
D; Table 1A). It seems that the percentage of embryos with
LP activity gradually decreases as the stage of recipient
ncreases from 32-cell to 110-cell stage.
Next, presumptive-epidermis blastomeres were used as
ecipients. The cell fate of a-line presumptive-epidermis
lastomeres is restricted to epidermis formation at the
2-cell stage. The zygotic expression of an epidermis-
pecific gene, HrEpiC, is detectable as early as the 64-cell
tage in most blastomeres of the animal hemisphere (Ishida
t al., 1996). Second vegetal fragments were fused with
resumptive-epidermis blastomeres isolated at the 8-, 16-,
2-, 64-, and 110-cell stages (a4.2, a5.3, a6.6, a7.12, and
8.24 blastomeres, respectively). Fusion with these blas-
omeres resulted in the expression of ALP in 95, 88, 76, 66,
nd 55% of specimens, respectively (Figs. 2E–2I; Table 1B).
gain, it seems that the percentage of embryos with ALP
ctivity gradually decreases as the stage of recipient gets
lder. These results show that cell fate can still be changed
y cytoplasmic transfer in a significant proportion, even
fter the cell fates of recipient blastomeres are restricted to
ne cell type, and after zygotic expression of the tissue-
pecific genes is initiated.
If the stage of embryos from which donor fragments are
repared gets older, does the percentage of ALP-positive
mbryos decrease? To answer this question, donor frag-
ents were prepared from later stages than the fertilized
gg. In the 8-cell stage embryo, endoderm determinants are
ocalized mainly in the posterior fragments of the A4.1
lastomeres and the anterior fragments of the B4.1 blas-
s of reproduction in any form reserved.
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513Timing Mechanisms of Ascidian ALP Expressiontomeres (Nishida, 1993). We prepared cytoplasmic frag-
ments from the posterior region of the A4.1 blastomeres
(hereafter called “A4.1 posterior fragments”). A4.1 posterior
fragments were fused with presumptive-epidermis blas-
tomeres isolated from the 16- and 64-cell stages (a5.3 and
a7.12, respectively). Fusion with a5.3 (16-cell) and a7.12
(64-cell) blastomeres resulted in the expression of ALP in
54% and 18% of specimens, respectively (Figs. 2J and 2K;
Table 1C). When these recipient blastomeres were fused
with second vegetal fragments, ALP activity was observed
in 88% and 66% of specimens, respectively (Table 1B).
These results show that the proportion of embryos with
ALP activity depends not only on the stage of recipient but
also on the stage of donor.
Spatial Expression Pattern of ALP and Muscle or
Epidermis Marker in Fused Embryos
In the cytoplasm-transfer experiments, fused blastomeres
FIG. 2. Detection of ALP activity in partial embryos derived from
in each panel were used as recipients. Second vegetal fragments
indicated in each panel were used as recipients. (J, K) Presumptive-
derived from the posterior region of an A4.1 blastomere (A4.1 poste
in every case. Scale bar, 50 mm.continued to divide and developed into multicellular em- s
Copyright © 2001 by Academic Press. All rightryos. Nuclei in all cells of multicellular embryos are
escended from the nucleus of the recipient blastomere.
hen muscle- or epidermis-specific genes are already ex-
ressed in the recipient blastomeres, ALP-positive cells in
used embryos may also express muscle or epidermis mark-
rs. We examined whether muscle- or epidermis-specific
ene expression was retained or down-regulated in cells
xpressing ALP simultaneously. We used double-staining
or ALP and muscle or epidermis markers in the same
pecimen.
First, presumptive-muscle blastomeres were used as re-
ipients. Second vegetal fragments were fused with
resumptive-muscle (B7.4) blastomeres of 64-cell embryos.
hey were allowed to develop and were then subjected to
istochemical staining for ALP and immunostaining for
yosin. ALP activity was observed in 65% (22 of 34
pecimens) of embryos (Fig. 3A), and myosin expression was
bserved in 100% (34/34) (Fig. 3A9). As previously reported
Nishida, 1993), cells expressing ALP tended to gather as a
blastomeres. (A–D) Presumptive-muscle blastomeres as indicated
e cytoplasm donors. (E–I) Presumptive-epidermis blastomeres as
rmis blastomeres were used as recipients. Cytoplasmic fragments
fragments) were used as cytoplasm donors. ALP activity is evidentfused
wer
epide
rioringle cluster (Fig. 3A). In other parts of the embryos,
s of reproduction in any form reserved.
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514 Kobayashi and Nishidamyosin was always expressed (Fig. 3A9). In many cases
(74%; 25/34), there were a few cells in which neither ALP
activity nor myosin expression was observed in the fusion
embryo. In no cases were both stains observed in the one
cell. In a control experiment, isolated B7.4 blastomeres
were allowed to develop without fusion. As expected, no
ALP activity was observed (28 cases) (Fig. 3B). Myosin
expression was observed in all partial embryos (28/28) (Fig.
3B9). And in most cases (26/28), all constitutive cells ex-
pressed myosin.
Next, presumptive-epidermis blastomeres were used as
recipients. Second vegetal fragments were fused with recipi-
ent presumptive-epidermis (a7.12) blastomeres of 64-cell
embryos. They were subjected to histochemical staining for
ALP and immunostaining for the epidermis-specific Epi-2
antigen. ALP activity was observed in 68% of embryos
(23/34) (Fig. 3C), and Epi-2 antigen was expressed in all
embryos (34/34) (Fig. 3C9). The expression of ALP and Epi-2
ntigen was complementary. As in the case of muscle
ABLE 1
xpression of Alkaline Phosphatase (ALP) in Fused Blastomeres
Recipient
blastomere
Stage of
isolation
Diameter of donor
fragment (mm)
No. of
specimen
% ALP
expression
. Fusion of presumptive muscle blastomeres and second vegetal
fragments
6.2 (115) 32-cell 115–125 36 97
7.4* (90) 64-cell 115–125 55 67
8.8* (70) 110-cell 115–125 49 55
9.15* (55) eG 115–125 49 78
. Fusion of presumptive epidermis blastomeres and second
vegetal fragments
4.2 (140) 8-cell 140–150 42 95
5.3 (110) 16-cell 140–150 43 88
6.6* (90) 32-cell 90–100 34 76
7.12* (70) 64-cell 90–100 35 66
8.24* (55) 110-cell 90–100 47 51
. Fusion of presumptive epidermis blastomeres and A4.1
posterior fragments
5.3* (110) 16-cell 110–120 28 54
7.12* (70) 64-cell 110–120 40 18
Note. Asterisks signify blastomeres whose cell fate was already
estricted to muscle or epidermis formation. Bold type indicates
lastomeres that express muscle-specific genes (muscle actin gene
rMA4 and myosin heavy chain gene HrMHC1) or the epidermis-
pecific gene (HrEpiC). For example, B6.2 blastomeres have already
nitiated the expression of muscle-specific genes but are not yet
estricted to muscle formation and a6.6 blastomeres are restricted
o epidermis formation but do not yet express the epidermis-
pecific gene. The mean diameter of recipient blastomeres (mm) is
ndicated in parentheses. eG, early gastrula.ecipients, in no cases were both stains observed in the one
Copyright © 2001 by Academic Press. All rightell. In a control experiment, isolated a7.12 blastomeres
ere allowed to develop without fusion. No ALP activity
as observed (21 cases) (Fig. 3D). Epi-2 antigen was ex-
ressed in all partial embryos (21 cases) (Fig. 3D9).
The ALP-positive region and the region positive for
yosin- or epidermis-specific antigen were mutually exclu-
ive in fused embryos. Myosin or epidermis-specific antigen
as not expressed in cells that expressed ALP. These results
uggest that muscle or epidermis features were suppressed
n ectopically formed endoderm cells.
Timing of Appearance of ALP Activity in Fused
Embryos
In Halocynthia, ALP activity is first detected in the
endoderm at the early tail-bud stage (27 h after fertilization
at 9°C) in normal embryogenesis (Nishida and Kumano,
1997). The activity in the endoderm gradually increased as
the tail elongates. In the cytoplasm-transfer experiments,
by using recipient cells and donor fragments prepared at
different stages, we produced fused cells in which the
nucleus- and the cytoplasm-containing determinants have
spent different times after fertilization. This study shows
that cell fate can be changed by cytoplasmic transfer, even
in blastomeres isolated at late-cleavage stage. It will be
interesting to examine when the expression of ALP activity
is initiated.
FIG. 3. (A, A9) Double staining for ALP and Myosin heavy chain
in a fused embryo. Myosin heavy chain was detected by immuno-
fluorescence with a monoclonal antibody. (A) Expression of ALP.
(A9) Expression of Myosin heavy chain. (B, B9) Control embryo
derived from isolated B7.4 blastomere without fusion. (C, C9)
Double staining for ALP and epidermis-specific antigen in a fused
embryo. Epi-2 antigen was detected by immunofluorescence with a
monoclonal antibody. (C) Expression of ALP. (C9) Expression of
epidermis-specific antigen. (D, D9) Control partial embryos derived
from isolated a7.12 blastomere without fusion. Scale bars, 50 mm.
s of reproduction in any form reserved.
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515Timing Mechanisms of Ascidian ALP ExpressionTo gain some insights into the developmental clock, we
investigated the timing of initiation of the appearance of
ALP activity in fused embryos. It is presumable that the
timing of ALP activity corresponds to one of the following
three clocks (Fig. 4): R-time (recipient time), which starts at
he moment of fertilization of embryos from which recipi-
nt blastomeres are isolated; D-time (donor time), which
tarts at the moment of fertilization of embryos from which
onor fragments are prepared; F-time (fusion time), which
starts at the moment of cell fusion. Detailed accounts of
these clocks are given in Discussion.
First, as a control, we isolated the presumptive-endoderm
(A4.1) blastomeres from 8-cell stage embryos, fixed devel-
oping partial embryos at various stages, and examined them
for expression of ALP activity. ALP activity was first
detected at 26 h after fertilization, although it was faint and
absent in some embryos (see Fig. 6A). The percentage of
ALP-positive embryos reached 100%, and the activity
gradually increased from 27 h after fertilization. The timing
FIG. 4. Experimental design to study the timing of the initiation
f detection of ALP activity in fused embryos. (A, B) The three time
cales represent R-time, D-time, and F-time. (A) Isolated a7.12
lastomeres of 64-cell embryos are fused with second vegetal
ragments. D-time is 9.5 h later than R-time. F-time is 12 h later
han R-time and 2.5 h later than D-time. (B) Isolated a5.3 blas-
omeres from 16-cell embryos were used as recipients. A4.1 poste-
ior fragments were used as donors. D-time and R-time are the
ame. F-time is 7 h later than R- and D-time.of the appearance of ALP activity in the isolated A4.1 a
Copyright © 2001 by Academic Press. All rightartial embryos without fusion was the same as that in
naltered whole embryos.
Second vegetal fragments were fused with recipient
resumptive-epidermis blastomeres isolated from 64-cell,
6-cell, and 8-cell stages (a7.12, a5.3, and a4.2, respectively).
eveloped embryos were fixed at various stages and exam-
ned for the expression of ALP activity. When a7.12 blas-
omeres isolated from 64-cell embryos were fused with
econd vegetal fragments, D-time was 9.5 h later than
-time, and F-time was 12 h later than R-time (Fig. 4A).
LP activity was first detected at 27 h D-time and 24.5 h
-time. The result seems to indicate that timing of the
ppearance of ALP activity in fused embryos coincided with
-time. However, the first detectable activity was faint and
as observed in only a small proportion of embryos (Figs.
A–5F, Fig. 6B). The proportions of ALP-positive embryos
nd their ALP activity gradually increased, and the percent-
ge of embryos with ALP activity reached a maximum at
1 h D-time and 28.5 h F-time. When a5.3 and a4.2
lastomeres isolated from 16- and 8-cell embryos were
used with second vegetal fragments, weak ALP activity
as also first detected at 27 h D-time and 24.5 h F-time in
oth cases (Figs. 6C and 6D). These results seem to indicate
hat timing of the appearance of ALP activity in fused
mbryos coincided with D-time. However, again, the first
etectable activity was faint. The activity gradually in-
reased, and the percentage of embryos with ALP activity
eached a maximum at 30 h D-time and 27.5 h F-time.
When one looks at the gray columns (weak activity) in
igs. 6B–6D, timing of ALP appearance seems to coincide
ith D-time. In contrast, looking at the black columns
strong activity) in Figs. 6B–6D, timing of ALP appearance
eems to better coincide with F-time. At least the timing of
he appearance of ALP activity in the fused embryos clearly
id not coincide with R-time. From these results, it is
mbiguous whether the fused embryos used D-time or
-time, because the time difference between the two (2.5 h)
s too short to discriminate.
These results may argue that the introduced egg cyto-
lasm just reset the developmental clock in the fused
lastomeres. To examine this possibility with cytoplasm
rom cleavage-stage embryos, and also to try to separate
-time and F-time much more, we carried out another
xperiment. When a donor fragment was prepared from
-cell stage embryos, the difference between D-time and
-time was 7 h (Fig. 4B). Therefore, we used A4.1 posterior
ragments as donors. Presumptive-epidermis a5.3 blas-
omeres isolated at the 16-cell stage were used as recipients.
his is because, when presumptive-epidermis a7.12 blas-
omeres isolated from the 64-cell stage were used as recipi-
nts, the proportion of ALP-positive embryos was only 18%
Table 1C). The proportion was 53% in the case of a5.3.
used embryos were fixed at various stages and were
repared for histochemical staining for ALP. In this experi-
ent, R-time and D-time are the same, because we had to
ait for one cell cycle to select non-nucleated fragmentsfter donor fragments were bisected at the 8-cell stage (Fig.
s of reproduction in any form reserved.
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516 Kobayashi and Nishida4B). F-time was 7 h later than R-time and D-time. No
embryos showed ALP activity even at 30 h of R- and D-time
(Figs. 5G–5K, 6E). ALP activity was first detected in a
significant proportion at 27.5 h F-time (534.5 h R- and
D-time). The proportion of embryos with ALP activity
gradually increased. Therefore, the timing of the appearance
of ALP activity in the fused embryos coincided with F-time.
These results suggest that the clock that determines the
timing of the appearance of ALP activity seems to start
from the moment of cell fusion, as in fertilization in normal
embryogenesis.
As another control experiment, we examined the timing
of ALP appearance in nucleated fragments. Unfortunately,
it was impossible to produce nucleated second vegetal
fragments because of the location of the nucleus in the eggs.
Therefore, we produced A4.1 posterior fragments with a
nucleus. These fragments continued to divide and devel-
oped into multicellular partial embryos. ALP activity was
first detected at 29 h after fertilization (Fig. 6F). Although a
2- or 3-h delay was observed for unknown reasons (possibly
by injury or reduction of cytoplasm), the timing of ALP
appearance in nucleated A4.1 posterior fragments almost
coincided with that of unaltered embryos.
DISCUSSION
Plasticity of a Nucleus
We transferred cytoplasm containing endoderm determi-
nants to presumptive-muscle and presumptive-epidermis
FIG. 5. Temporal sequence of ALP expression in embryos derived
isolated a7.12 blastomeres of 64-cell embryos. Specimens were fixe
F-time. Scale bar, 50 mm. (G–K) A4.1 posterior fragments were fus
fixed at (G) 22.5 h, (H) 24.5 h, (I) 26 h, (J) 27.5 h, and (K) 31 h F-timblastomeres in which the cell fate of each blastomere is
Copyright © 2001 by Academic Press. All rightestricted and the tissue-specific genes are already ex-
ressed, and then examined whether ectopic endoderm
orms. The results showed that cell fate can be changed by
ytoplasmic transfer, even after the cell fates of the recipi-
nts are already restricted to one cell type, and after the
xpression of the tissue-specific genes is already initiated.
uclear-transfer experiments show that the nucleus in a
ifferentiated somatic cell retains its totipotency (Gurdon,
986; Wilmut et al., 1997; and references therein). Nuclear-
ransfer experiments have also been done in ascidians (Tung
t al., 1977). Nuclei taken from gastrula- or tailbud-stage
mbryos were transferred to non-nucleated egg fragments.
he resultant tissue formation depends not on the origin of
he nucleus but on the region of cytoplasm from which the
gg fragments were prepared. This shows that the nucleus
f a differentiated cell retains its multipotency in ascidians.
ur results are consistent with this. The success rate of
uclear transfer was low in the previous study, but the
requency of cell fate change was more than 50% in our
tudy. Thus, we have shown more clearly the plasticity of
uclei in ascidian embryos.
The proportion of embryos with ectopic endoderm
radually decreased as the stage of recipient blastomeres
ot older. This situation is similar to the observation that
he success rate of nuclear transplantation gradually
ecreases as nuclei are taken from older embryos (Gur-
on, 1986). These results suggest the presence of a
rogressive restriction of nuclear potency during devel-
pment. But the mechanism of this restriction is un-
nown (Gurdon, 1999).
fused blastomeres. (A–F) Second vegetal fragments were fused with
A) 20.5 h, (B) 22.5 h, (C) 24.5 h, (D) 26.5 h, (E) 28.5 h, and (F) 32.5 h
ith isolated a5.3 blastomeres of 16-cell embryos. Specimens were
cale bar, 50 mm.from
d at (
ed wLikewise, when the same blastomeres were used as
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517Timing Mechanisms of Ascidian ALP Expressionrecipients, the percentage of embryos with ectopic
endoderm gradually decreased as the stage of embryos from
which donor cytoplasmic fragments were prepared got
older. The molecular nature of endoderm determinants is
unknown. They may be regulatory molecules, responsible
for activating a cascade of specific genes that ultimately
result in the synthesis of tissue-specific proteins. They
might be present in the cortical regions of the egg or be
anchored to the plasma membrane (Nishida, 1997). Re-
cently, the muscle determinant was shown to be a localized
maternal mRNA of the macho-1 gene (Nishida and Sawada,
001). Therefore, it is possible that the decline in ability to
romote endoderm formation may be caused by the degra-
ation of maternal endoderm determinants. This possibility
as also supported in a preliminary experiment in which
e fused recipient blastomeres with donor fragments that
ere kept for several hours before fusion. The proportion of
LP-positive embryos decreased as the duration between
reparation and fusion became longer, and the fused em-
ryos showed no ALP activity if left longer than 10 h at 9°C
FIG. 6. Timing of appearance of ALP activity in partial embryos
activity in partial embryos derived from isolated A4.1 blastomeres
embryos derived from a7.12 blastomeres and second vegetal fragm
second vegetal fragments. (D) a4.2 blastomeres were fused with se
in fused embryos derived from a5.3 blastomeres and A4.1 posterio
ALP activity in partial embryos derived from nucleated A4.1 poste
of embryos that exhibited ALP activity. The gray columns indicate
The black columns indicate the percentage with strong ALP activi
in hours. Times expected for detection of ALP activity (after 27 h)unpublished data).
Copyright © 2001 by Academic Press. All rightSuppression of Muscle and Epidermis
Differentiation in Ectopically Formed
Endoderm Cells
Neither myosin nor epidermis-specific antigen were ex-
pressed in ALP-positive cells in fused embryos. Thus,
muscle and epidermis differentiation was suppressed in the
ectopically formed endoderm cells. It is likely that muscle-
and epidermis-specific genes that are already expressed in
the recipient blastomere are down-regulated in ectopic
endoderm cells. There are two possibilities to explain the
down-regulation. In the first, determinants are anchored to
the cortex and do not diffuse within an egg (Nishida, 1997).
The muscle and epidermis determinants may be excluded
from an area of the introduced cortex after fusion. It is
possible that muscle and epidermis fate is suppressed by the
absence of muscle and epidermis determinants in the area
derived from fused cytoplasmic fragments. In the second,
although determinants may be cortical in eggs and early
embryos, there is no evidence that this is still true in late
cleavage-stage embryos. Therefore, factors that suppress
) and fused embryos (B–E). (A) Time course of appearance of ALP
out fusion. (B) Time course of appearance of ALP activity in fused
, corresponding to Fig. 4A. (C) a5.3 blastomeres were fused with
vegetal fragments. (E) Time course of appearance of ALP activity
ments, corresponding to Fig. 4B. (F) Time course of appearance of
fragments without fusion. The vertical axis shows the percentage
percentage with faint ALP activity (detectable in 30-min staining).
etectable in 15-min staining). The horizontal axis shows the time
ndicated by bold letters. n, number of embryos scored.(A, F
with
ents
cond
r frag
rior
the
ty (dmuscle and epidermis formation might exist in the donor’s
s of reproduction in any form reserved.
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518 Kobayashi and Nishidacytoplasm. In all cases, a clear boundary between muscle or
epidermis and endoderm regions was observed. Therefore,
embryonic cells may have mechanisms whereby one cell
selects only one developmental pathway and does not
become two tissues or an intermediate state, although there
is no direct evidence for such mechanisms.
Timing Mechanisms Controlling the Initiation of
ALP Expression
We used the enzyme activity of ALP for the study of the
timing mechanism. Recently, cDNA encoding the
endoderm-specific ALP gene of Halocynthia roretzi was
isolated (Kumano and Nishida, 1998). Zygotic transcripts
are first detected at the neurula stage after approximately
22 h at 9°C. We tried to investigate the timing of the
initiation of ALP gene expression using whole-mount in
itu hybridization, but it was difficult to tell precisely when
he initial faint expression started in the fused embryos, due
ainly to the relatively poor sensitivity and reproducibility
f the detection technique. By contrast, the results of
istochemical staining for ALP are much clearer than with
n situ hybridization. A previous study using a translation
nhibitor showed that ALP becomes enzymatically active
mmediately after synthesis of ALP protein (Nishida and
umano, 1997). Thus, posttranslational modification such
s protein processing may not be required for the appear-
nce of ALP activity. For these reasons, we investigated the
iming of the appearance of ALP activity in the fused
mbryos.
Although we use the term developmental “clock,” the
sage of this word is expediential in this paper. In a narrow
ense, the term “clock” defines a specialized mechanism
hat allows a cell to count time. For example, it could be the
radual accumulation of a given factor in the cell or a
ounting of cell cycle (Cook and Smith, 1990; Johnson and
ay, 2000). By contrast, given a gene which is activated at
certain time point during development as a result of a
ascade of gene activation events, one might not consider
hat a single clock regulates this gene, as there does not
ppear to be a single mechanism to count time in this case.
e use the word “clock” in this paper expedientially even
n such cases.
It is presumable that the timing of the appearance of ALP
ctivity in the fused embryos involves one of three clocks:
-time, D-time, and F-time. If the appearance of ALP
ctivity follows R-time, it is likely that the clock mecha-
ism will be built into the nucleus. This clock proceeds
ven in cells lacking endoderm determinants. Elapsed time
efore fusion may be recorded not in cytoplasm but in the
ucleus. If the appearance of ALP activity follows D-time, it
s likely that the clock proceeds in the absence of nuclei.
lapsed time before fusion may be recorded in cytoplasm
ontaining endoderm determinants. In this case, although
LP expression eventually requires the presence of a
ucleus (Bates and Jeffery, 1987; Nishida, 1993), the nucleus
s not required for the clock to proceed. c
Copyright © 2001 by Academic Press. All rightOur results are summarized in Fig. 7 on a proportional
ime scale. Figure 7A showed, at least, that the timing of
LP expression coincides with one of D-time and F-time,
ecause the time difference between D-time and F-time is
oo short to discriminate. Then, Fig. 7B indicates that the
iming of ALP expression seems to better coincide with
-time rather than D-time. In this case, interpretation is
omplicated, because the timing followed neither R-time
or D-time, for which interpretation is relatively simple.
e cannot tell where the clock is built in. The clock starts
rom the moment of cell fusion, as does the clock at
ertilization in normal development. This raises two possi-
ilities. First, the clock might be reset or might restart at
usion. The applied electrical pulse is not involved in the
eset, because its application to isolated blastomeres did not
hange the timing of ALP expression. Second, there is no
articular clock mechanism during the cleavage stage.
Regarding the possibility of a restart, it is possible that
he clock for ALP expression starts and proceeds when both
he endoderm determinants and the nucleus coexist within
cell. In normal development, the clock starts at fertiliza-
ion and proceeds until the 4-cell stage. It then continues in
he vegetal endoderm-lineage cells. In the cells of the
nimal hemisphere, it is reset, because horizontal cleavage
eparates the animal and vegetal hemispheres, and the
ndoderm determinants are partitioned into the vegetal
ells but are lost from the animal (presumptive-epidermis)
FIG. 7. Summary of experiments on initiation of ALP expression
in fused embryos as shown on proportional time scale. Isolated
a7.12 blastomeres of 64-cell embryos were used as recipients, and
second vegetal fragments were used as donors, corresponding to
Fig. 6B. The three scales represent R-time, D-time, and F-time. (B)
Isolated a5.3 blastomeres of 16-cell embryos were fused with A4.1
posterior fragments, corresponding to Fig. 6E. The black bar repre-
sent the stage when ALP activity was first detected in the fused
embryos.ells. If endoderm determinants are brought back into the
s of reproduction in any form reserved.
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519Timing Mechanisms of Ascidian ALP Expressionanimal blastomere by cytoplasmic fusion, the clock re-
starts. A difficulty with this hypothesis is that we have to
assume that endoderm determinants start to influence the
egg nucleus just after fertilization. Another possibility of
reset is that, at the moment of cell fusion, the recipient
animal blastomeres are already committed and have begun
to develop into epidermis. The improperly introduced
endoderm determinants just reset the developmental clock
whatever it is, by unknown mechanisms.
Another possibility is that there is no particular clock
mechanism during cleavage. In this case, the coincidence
with F-time is superficial. For example, the clock that
initiates tissue-specific gene expression does not start when
plural determinants for different tissues coexist in a cell. As
cleavage progresses, each determinant is eventually parti-
tioned into each tissue precursor cell. If a cell contains a
single kind of determinant, then processes of differentiation
or a clock, if any, may start. The heterotopic introduction of
endoderm determinants gives the recipient epidermis pre-
cursor cells two kinds of determinants. Thus, the cytoplas-
mic fusion retarded the separation of each determinant into
cells. The coincidence of the timing of ALP expression with
F-time in fused embryos may be caused by the retardation.
In normal embryogenesis, an invariant cleavage pattern
causes the precise separation of determinants. But, in fused
embryos, one cannot expect such precision. This might be
the reason for the observation that the initiation of ALP
appearance (Figs. 6B–6E) in fused embryos was more vari-
able than that without fusion (Figs. 6A and 6F). In this
hypothesis, no particular clock is specialized to measure
the developmental time during cleavage stage. Only sepa-
ration of each determinant is required for the following
events to start.
In amphibia, the timing of midblatula transition is deter-
mined by the nuclear cytoplasm ratio (N/C) (Cook and
Smith, 1990). One could imagine that, in the present study,
the fusion, by diminishing N/C ratio in the recipient
blastomeres, causes MBT retarded to occur. We could by
chance obtain the activation of ALP 27 h after fusion in
each experiment. We cannot completely rule out this pos-
sibility. However, Ishida and Satoh (1998) reported in ascid-
ian that the initiation of the expression of the muscle-
specific actin gene, HrMA4, and notochord-specific gene,
As-T, was not altered when N/C ratio was varied. In the
present experiments, timing of ALP appearance of nucle-
ated A4.1 posterior fragments was 3 h later than that of
whole A4.1 (Fig. 6E). The N/C ratio of nucleated A4.1
fragments is half that of A4.1. If N/C ratio determines MBT
in ascidian, timing of ALP appearance of the nucleated A4.1
fragments had to be earlier than that of A4.1. Therefore, it
seems unlikely that N/C ratio determines MBT or zygotic
expression in ascidian.
It is hard to tell for sure which hypothesis works in the
developing embryos at the moment of these results. Further
detailed studies will be required to elucidate how cells
measure developmental time.We investigated ALP expression, but we do not know
Copyright © 2001 by Academic Press. All righthether the same situation is applicable to other genes and
ther tissues. Actually, Ishida and Satoh (1998) reported
hat the initiation of the expression of an epidermis-specific
ene, HrEpiC, is regulated by the amount of a maternal
pidermis determinant in unfertilized eggs. However, the
xpression of the muscle-specific actin gene, HrMA4, was
ot altered by the amount of a maternal factor. These
esults suggest that the initiation of expression of a tissue-
pecific gene is regulated in different ways in different
issues or genes. Further studies of other tissues and com-
arison of the results may help us understand developmen-
al clock mechanisms.
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